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1.0   Introduction 
Over  the  years,  many  different  types  of  waveguiding 
structures  have  been  proposed  for  various  uses  at  microwave 
and  millimeter  wave  frequencies.   One  of  these  structures,  the 
rectangular  waveguide  loaded  with  fins  and  a  dielectric  slab 
has  recently  been  proposed  for  use  in  building  millimeter  wave 
integrated  circuits  [1] .   The  attributes  of  this  structure  and 
some  experimental  results  have  been  presented  in  ref .  [1] .   The 
structure  is  shown  in  Figure  1. 

At  millimeter  wave  frequencies,  Rogers  Duroid  5880 
(e   =  2.2)  has  been  found  to  be  a  particularly  attractive 
dielectric.   The  purpose  of  this  report  is  to  present  a  theo- 
retical analysis  of  the  above  described  waveguide  structure 
and  to  present  design  curves  for  such  structures  when  loaded 
with  5  mil  thickness  Duroid  in  the  26.5-40  GHz  and  40-60  GHz 
bands. 

2. 0   Related  Work 
The  structure  shown  in  Figure  1  is  interesting  in  that  it 
may  be  viewed  in  various  ways  depending  upon  the  value  of  W/b, 
the  ratio  of  slot  width  to  waveguide  height.   For  small  values 
of  W/b  and  W/D  the  structure  may  be  appropriately  viewed  as 
a  slotline  with  a  rectangular  shield.   For  values  of  W/b  •*■  1 
the  structure  is  more  easily  viewed  as  a  ridged  waveguide 
loaded  with  dielectric.   Finally,  for  W/b  =  1 ,  we  have  a 
dielectric  slab  loaded  waveguide.   Fach  of  these  substructures 
has  been  studied  previously.   Since  the  analysis  of  the  structure 
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shown  in  Figure  1  is  based  upon  the  studies  of  these  substructures 
these  related  investigations  will  be  reviewed  briefly. 

2.1   Unshielded  Slotline 

Unshielded  slotline  has  been  studied  by  Cohn  [2]  and  by  Knorr 
and  Kuchler  [3] .   The  analysis  presented  in  reference  [3]  allows 
the  wavelength  and  characteristic  impedance  to  be  determined  for 
both  single  and  coupled  slots.   The  solutions  are  found  by 
applying  the  method  of  moments  in  the  transform  domain  where 
the  Fourier  transform  of  the  slot  field  is  expanded  in  a  set  of 
basis  functions.   It  is  found  that  for  narrow  slots,  a  one  term 
expansion  of  E   is  usually  adequate.   Computer  time  increases 
rapidly  if  multi-term  expansions  are  required  as  would  be  the 
case  for  wide  slots. 

The  computer  program  described  in  ref.  [3]  was  used  to 
produce  the  curves  shown  in  Figures  2  and  3 .  The  impedance 
shown  in  Figure  3  is  defined  by  the  relation 

V  2 
Zo  =  -° (1) 

2PAVG 


where 


VQ  =  -  /ex   dx         PAVG  =  h    Rei/ExH*  •  az  da 


slot 


(2) 


A  curious  feature  of  these  curves  is  the  crossovers  observed 

for  different  values  of  W/D.   This  will  be  commented  upon  further 

in  section  4.0,  Fin  Line  Impedance. 
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2.2   Ridged  Waveguide 

The  design  of  ridged  waveguide  has  been  treated  by  Hopfer 

[4].   Of  particular  interest  in  this  study  is  the  curve  of 
cutoff  wavelength  for  a  waveguide  with  b/a  =  .5  and  a  centered, 
zero  thickness  ridge.   This  information  is  presented  in  Figure  4. 
With  this  information  one  may  calculate  the  normalized  wavelength 
ratio  for  0  <_  w/b  £  1  as 

X'  =      1  (3) 


X     [l-(f)2]^ 


X 
c 


where  A  is  the  free  space  wavelength  and  A   is  found  from 
Figure  4.   The  ridged  waveguide  corresponds  to  the  structure  of 
interest  in  this  study  (Figure  1.)  except  for  the  absence  of  the 
dielectric  slab. 

Lagerlof  has  also  studied  ridged  waveguide  and  has  presented 
design  curves  [5]  valid  for  a  wide  range  of  parameters  subject 
to  a  zero  thickness  ridge  restriction.   The  curves  presented 
in  [5]  allow  the  high  frequency  limit  impedance,  Z    ,  defined 
on  a  voltage-power  basis  to  be  found.   Figure  5  shows  a  plot  of 

Zovoo  vs  w/b  for  the  case  b/a  =  0.5  as  determined  from  Lagerlof  s 
curves.   Having  found  Z     for  the  correct  value  of  0  <  w/b  <  1 
one  calculates  the  impedance  at  any  frequency  as 

Zov  =  2X!! (4) 

[1  -  (f)2]^ 
c 

Again,  this  corresponds  to  the  structure  of  interest  in  this  study 
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except  for  the  absence  of  the  dielectric  substrate.   Ridged 
waveguide  is  therefore  a  substructure  of  fin  line  which  results 
when  D  =  0. 

2.3   Slab  Loaded  Waveguide 

For  the  case  of  w/b  =  1,  the  structure  of  Figure  1.  becomes 

another  fin  line  substructure,  the  dielectric  slab  loaded 

rectangular  waveguide.   The  dielectric  slab  loaded  rectangular 

waveguide  has  been  studied  in  considerable  detail  by  Vartanian, 

et   al.  [6].   This  paper  presents  a  wide  range  of  information 

of  general  interest  which  will  be  referred  to  again  in  section 

4.0.   Since  Vartanian  gives  results  onlv  for  e   =  2.5,  9.0  and 

3  ?  r 

16.0  the  results  presented  here  were  obtained  using  the  transverse 
resonance  procedure  [7]  which  is  found  by  writing  the  field 
equations  for  an  exact  solution  of  the  problem,  applying  boundary 
conditions  at  the  air-dielectric  interfaces  and  thereby  obtaining 
the  determinantal  equation  for  the  system.   With  reference  to 
Figure  6,  the  wavelength  ratio  is  found  by  determining  that 
value  which  satisfies 


Bt   +   Br   =    o  (5) 


where 


B.    =  -    hCOT  (hD  +  0)  (6a) 

B^    =  -    £C0T   (Id   )  (6b) 
r                                        2 

8       =  TAN"1     (j   TAN    Id    )  (6c) 

h2    =  (2.1)2       ^    _     (_Ar)2J  (6d) 

^   =  ^2      [ST"       (f)2l  '                                                        <6e> 
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Equation  (5)  was  solved  numerically  by  searching  iteratively 
for  the  value  of  A1 /A  satisfying  equation  (5).   The  results 
are  presented  in  Figures  7.  and  8.   The  machine  used  for  these 
calculations  was  a  Wang  500  and  the  program  is  given  in  Appendix 
A.   The  wavelength  ratios  were  determined  to  within  .005  which 
gives  an  accuracy  better  than  %%    in  all  cases. 

The  admittance  formulation,  equation  (5),  was  used  rather 
than  the  impedance  formulation  to  achieve  numerical  stability. 
For  the  position  and  thickness  of  the  slab  which  is  of  interest 
here,  the  susceptances  are  small  and  B„  +  B   goes  smoothly 
through  zero.   The  impedance  formulation  X„  +  X   =0  results 
in  taking  the  difference  between  two  very  large  quantities  with 
a  resultant  violent  and  unreliable  fluctuation  through  zero  in 
the  neighborhood  of  the  correct  A '/A. 

2.4   Fin  Line 

Fin  line  has  been  investigated  by  Meier  [1].   One  difference 
between  the  structure  used  by  Meier  and  that  shown  in  Figure  1. 
is  the  use  of  r.f.  choking  vice  direct  electrical  contact 
between  the  shield  and  the  fins.   Meier's  work  was  primarily 
experimental  in  nature.   He  showed  that  the  expression 


A'  /A  = 


c 


7) 


provided  a  good  fit  (  +  2%)  to  K   band  experimental  data.   The 
effective  dielectric  constant,  k  ,  was  determined  by  measurement 
at  any  one  frequency  and  A   is  the  cutoff  wavelength  of  ridged 
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waveguide  (no  dielectric)  as  found  from  Figure  4. 

Meier  made  no  impedance  measurements. 

2.5   Shielded  Slotline 

Shielded  slotline  has  been  analyzed  by  Kuchler  [8]  using 
a  technique  similar  to  that  described  in  [3].   Solutions  are 
obtained  by  computer  as  in  [3].   Some  results  obtained  using 
the  computer  program  described  in  [8]  are  shown  in  Figure  8. 
Also  shown  are  results  for  an  unshielded  slotline  as  obtained 
using  the  program  described  in  reference  [3],   The  significant 
feature  is  that  at  higher  frequencies  where  the  wave  is  tightly 
bound  to  the  slot  and  where  there  is  little  interaction  with 
the  shield  the  results  for  the  shielded  line  converge  to  those 
for  the  unshielded  line.   It  is  also  to  be  noted  that  both 
wavelength  and  characteristic  impedance  are  increased  by  the 
presence  of  the  shield. 

Ideally,  it  should  have  been  possible  to  obtain  the 
characteristics  of  the  structure  shown  in  Figure  1  for  small 
values  of  W/b  and  W/D  using  the  method  of  [8] .   However,  the 
computer  program  generated  overflows  and  errors  for  the  range 
of  parameters  (e  ,  shield  size,  etc.)  of  interest  in  this 
study.   The  computer  program  is  being  rewritten  at  this  time 
but  this  is  a  major  undertaking  which  could  not  be  completed 
in  time  to  provide  results  for  this  study.   Therefore,  the 
results  shown  in  Figure  9  were  used  for  two  purposes : 
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1.  to  determine  the  effects  of  the  shield  as  noted 
previously, 

2 .  to  check  the  approximate  approach  developed  in 
section  3.0  of  this  report. 

For  the  purposes  of  this  report,  slotline  will  imply 
W/D  <,  2,  W/b  <,  •  1  whereas  fin  line  implies  0  <  W/b  <_  1. 
Slotline  is  therefore  a  substructure  of  fin  line. 

3.0   Fin  Line  Wavelength 
In  this  section,  we  will  consider  an  approximate  method 
of  evaluating  the  wavelength  of  dielectric  loaded,  zero 
thickness  double  ridged  waveguide  as  depicted  in  Figure  1.   We 
will  refer  to  this  structure  as  fin  line,  keeping  in  mind  the 
physical  differences  between  the  fin  line  built  by  Meier  [1] 
and  the  fin  line  shown  in  Figure  1.   Electromagnetically ,  the 
characteristics  of  the  two  structures  should  be  very  nearly 
the  same.   Fin  line  will  be  analyzed  using  a  substructure 
approach. 

Section  2.4  discussed  fin  line  and  the  dispersion 
characteristic  as  given  by  equation  (7) .   The  view  taken  here 
is  essentially  the  same;  for  small  values  of  W/b,  £   and  f  >>  f  , 
the  structure  behaves  as  a  ridged  waveguide  with  effective 
dielectric  constant  determined  by  the  slab  of  dielectric. 
Equivalently  stated,  the  structure  behaves  as  if  filled  with 
a  homogeneous  dielectric  having  "effective"  dielectric  contant 
less  than  the  actual  dielectric  constant  of  the  slab.   Meier 
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determined  the  "effective"  dielectric  constant  by  measurement. 
This  is  a  generally  undesirable  approach  since  extensive  effort 
would  be  required  to  develop  design  curves  for  the  many  possible 
geometries  and  dielectric  constants  of  interest.  Here,  we  take 
the  view  that  the  effective  dielectric  constant  (for  W/b  ^  •  1 , 
W/D  <,  2)  can  be  determined  from  existing  open  boundary  slotline 
design  curves  which  may  be  obtained  by  the  methods  discussed  in 
section  2.1. 

To  substantiate  this  claim,  the  wavelength  obtained  by 
this  method  has  been  checked  against  data  published  by  Meier  [1] 
and  against  the  theoretical  curves  for  shielded  slotline 
produced  using  Kuchler ' s  program  [8]. 

Figure  10  shows  the  effective  dielectric  constant,  (A/A')2, 

of  a  slotline  with  £   =2.2  plotted  vs  the  normalized  slot  width 

r       r 

W/D.   The  frequency  range  of  interest  here  is  26.5-60  GHz  and 
for  a  substrate  thickness  D  =  .005  inches,  the  corresponding 
range  of  D/A  is  .0112  <_  D/A  <_   .0254.   It  can  be  seen  from 
Figure  10  that  the  effective  dielectric  constant  varies  by  less 
than  4%  over  this  range  of  D/A.   In  all  subsequent  calculations 
therefore,  the  average  given  by  the  solid  curve  in  Figure  10  has 
been  used. 

Meier  measured  the  wavelength  of  fin  line  constructed  using 
a  D  =  10  mil  substrate  (e   =  2.2) ,  a  K   band  waveguide  shield 
(a  =  .280  inches,  b  =  .140  inches)  and  fin  separation  W/D  =  1.8 
(W  =  .018  inches).   His  experimentally  determined  value  of 
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"effective"  dielectric  constant  k  was  1.31.   His  experimental 

data  was  within  2%  of  the  curve  calculated  from  equation  (7) 

where  k   was  taken  as  1.31  and  X   =  2.15  cm  as  determined  from 
e.  c 

Figure  4.   This  curve  is  plotted  in  Figure  11  along  with  the 
curve  calculated  using  the  present  method  where  k   =1.20  as 
determined  from  figure  10.   The  difference  in  the  results  is 
less  than  5%.   This  seems  quite  reasonable  considering  the 
differences  between  Meier's  fin  line  and  the  structure  of 
Figure  1. 


A  second  check  on  this  method  was  made  by  calculating  the 
wavelength  ratio  for  the  structure  of  Figure  1  for  comparison 
with  Kuchler ' s  results,  again  using  equation  (7)  which  may  be 
rewritten  in  the  form 


(_L!  )     =        1  •  <8> 


x 

closed 


(jL)2   _  ( £.)  2 

lX,;       lD/X  ; 
open 


Calculations  were  made  for  the  following  cases: 

1.   b/D  =11  2.   b/D  =  11 

a/D  =  17  a/D  =  17 

e        =  20  e    =  20 

r  r 

W/D  =  .20  W/D  =1.0 

W/X  =  .0134  D/X  =  .0173 

c  c 

The  values  of  D/X   for  these  two  cases  are  determined  from  the 

c 

curves  given  by  Lager lof  [5]  vice  Figure  4  since  in  this  case 

the  ratio  b/a  =  11/17.   The  effective  dielectric  constant,  k  =  (X/X') 

o 
was  determined  from  Figure  9.   An  "exact"  value  of  k  was  used 
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Figure  11   Normalized  wavelength  A '/A  vs  normalized 

-t-"7-t 


7r^tt    frequency  D/A  for  shielded  slotline  arid: 
fin  line  with  a  =  .280  inches,  b  =  .±$0" 


^t^-inches ,  D  =  .010  inches,  W  ,=  .018  inches,  _rr^ 


in  this  case  since  there  was  significant  variation  of  k   with 

frequency.   For  W/D  =  1,  6 . 7  <_  k   <   8.7  and  for  W/D  =  0.2, 

8.2  <  k   <  9.5  as  D/A  varied  from  .02  to  .04.   The  results  of 
—  e  — 

these  calculations  are  shown  in  Figure  12  where  they  are  compared 
with  the  results  obtained  using  Kuchler's  shielded  slotline 
program.   The  agreement  is  very  good  with  the  difference  being 
5%  in  the  worst  case. 


The  comparisons  shown  in  Figures  11  and  12  involve 
structures  with  different  shield  aspect  ratios,  vastly  different 
dielectric  constants  and  different  slot  widths.   The  very  good 
agreement  between  results  obtained  using  this  approximate  method 
and  results  obtained  both  experimentally  and  numerically  provides 
considerable  confidence  in  the  method. 

Next,  the  method  just  described  was  used  to  calculate  the 

characteristics  of  K   band  and  U  band  waveguides  with  fins  and 

a  r 

dielectric  loading.   The  parameters  used  to  enter  Figures  4  and 

10  are  given  in  tables  1  and  2.   The  values  of  k   and  X      found 
r  Z  c 

from  these  figures  are  also  given.   These  parameters  are  then 
used  in  equation  (7)  to  calculate  the  results  plotted  in  Figures 
13  and  14. 

With  regard  to  Figure  1,  we  now  have  available  the  following 
information  about  the  structure: 

1.  D  =  0,  A '/A  for  all  values  of  W/b 

2.  D  =  .005  inches,  A '/A.  for  small  values  of  W/b 
and  for  W/b  =  1. 
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Figure  12   Normalized  wavelength  X1 /X  vs  normalized 
frequency  D/X  for  shielded  slotline  with 


Table  1.   Parameters  for  calculation  of  K   band  fin  line  wavelength 
(a  =  .280  inches,  b  =  .140  inches,  D  =  .005  inches, 


e   =  2.2) . 
r 


W(in. ) 

W/D 

K 

W/b 

Xc/a** 

A  (cm. ) 
c 

.002 

.4 

1.34 

.0143 

3.70 

2.63 

.004 

.8 

1.28 

.0286 

3.58 

2.55 

.006 

1.2 

1.24 

.0428 

3.44 

2.45 

.008 

1.6 

1.21 

.0571 

3.34 

2.38 

.010 

2.0 

1.19 

.0714 

3.24 

2.30 

Table  2. 


Parameters  for  calculation  of  U  band  fin  line  wavelength, 
(a  =  .188  inches,  b  =  .094  inches,  D  =  .005  inches, 


£   =  2.2) 

r 


W (in. ) 

W/D 

k* 

W/b 

Xc/a** 

A  (cm. ) 
c 

.002 

.4 

1.34 

.0213 

3.62 

1.73 

.004 

.8 

1.28 

.0426 

3.44 

1.64 

.006 

1.2 

1.24 

.0638 

3.30 

1.56 

.008 

1.6 

1.21 

.0851 

3.18 

1.52 

.010 

2.0 

1.19 

.1064 

3.07 

1.47 

From  Figure  10 
**   From  Figure   4 
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Information  about  \'/\    has  not  been  obtained  for  the  cases 
D  =  .005  inches,  0.1  <  W/b  <  1.   However,  if  we  plot  the 
available  information  about  X1 /\   vs  W/b  for  a  few  different 
frequencies  as  is  shown  in  Figures  15  and  16  it  is  clear  that 
we  can  easily  obtain  the  missing  portion  of  the  solution  by 
extrapolation  between  the  approximate  solution  for  small 
values  of  W/b  and  the  exact  solution  for  W/b  =  1.   The 
extrapolation  is  shown  by  the  dashed  curves  in  the  figures. 
Figures  17  and  18  follow  immediately  from  Figures  15  and  16. 
These  figures  present  the  desired  result  for  intermediate 
values  of  W/b  (.1  <  W/b  <  1). 

In  summary,  Figures  13,  14,  17  and  18  present  \'/\    vs 
frequency  for  the  entire  range  of  values  of  W/b.   The  error 
in  these  curves  should  be  on  the  order  of  5%  for  small  values 
of  W/b  and  decreasing  to  h%    for  W/b  =1.0.   In  applying  the 
information  in  these  figures  one  should  keep  in  mind  that  any 
physical  differences  between  the  structure  analyzed  here 
(Figure  1)  and  any  structure  actually  constructed  (such  as 
Meier's  fin  line)  may  result  in  discrepancies  between  this 
theory  and  measured  data. 

4.0   Characteristic  Impedance 
The  characteristic  impedance  of  the  structure  of  Figure  1 
has  not  been  found.   In  general,  the  author  has  found  in  solving 
related  problems  that  the  characteristic  impedance  of  a  structure 
supporting  a  hybrid  field  generally  behaves  in  ways  that  one 
would  not  expect  [3] ,  [9] .   This  makes  it  difficult  to  employ 
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any  intuitive  or  approximate  methods  valid  for  the  entire 
range  0  <  W/b  <_  1.   Several  approaches  were  tried  in  this  study 
and  while  results  were  "in  the  ball  park"  they  were  not  deemed 
sufficiently  accurate  to  present  here. 

The  characteristic  impedance  for  the  case  of  small  slot 
widths  (W/D  <  2)  will  eventually  be  obtained  using  Kuchler ' s 
program.   As  mentioned  earlier  this  program  is  presently  being 
rewritten  to  eliminate  the  overflow  problems  which  prevented 
its  application  to  the  structures  of  interest  in  this  study. 
Recall  that  Figure  9  showed  the  type  of  output  available  using 
this  approach.   That  figure  shows  that  the  effect  of  the  shield 
is  to  increase  the  characteristic  impedance  to  a  value  greater 
than  that  for  the  corresponding  open  boundary  structure. 

The  characteristic  impedance  for  the  case  W/b  =  1  may  be 
found  exactly  using  a  straightforward  analytical  approach. 
The  functional  form  of  the  fields  is  known  in  each  region  and 
the  wavelength  ratio  \'/\   may  be  found  as  indicated  in  Appendix 
A.   One  can  therefore  evaluate 

-  /E  (a/2,Y)  dy 

Zov  =  /y/-* (9) 

/  /  ExH  •  Azda 

The  utility  of  this  result  by  itself  was  not  deemed  worth  the 
effort  of  finding  it,  particularly  in  view  of  the  fact  that  the 
calculation  for  e      =  2.5  has  been  carried  out  by  Vartanian  [6]. 
His  results  are  reproduced  in  Figure  19.   The  slab  is  centered 
in  the  waveguide  and  the  impedance  is  defined  as 

*ov  -  V°(a/2)  .  do) 


2  P 

AVG 
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The  slab  location  thickness  and  dielectric  constant  differ  only 
slightly  from  the  values  of  interest  in  this  study.   The  results 
should  therefore  be  qualitatively  the  same  in  all  respects.   The 
interesting  feature  revealed  by  Figure  19  is  that  the  dielectric 
slab  may  cause  either  an  increase  or  decrease  in  impedance 
depending  upon  frequency.   At  lower  frequencies  (ka  <  4.5)  the 
modification  of  cutoff  wavelength  appears  to  be  the  dominant 
effect  while  at  higher  frequencies  (ka  >  4.5)  the  increase  in 
impedance  is  probably  due  to  the  concentration  of  a  relatively 
higher  field  at  guide  center  when  the  dielectric  is  present.   In 
any  event,  the  rather  unpredictable  nature  of  the  characteristic 
impedance  is  clearly  revealed. 

The  impedance  of  the  structure  of  Figure  1  is  probably  of 
most  interest  when  W/b  is  small.   For  this  would  be  the  geometry 
used  to  mount  devices  and  the  impedance  is  probably  most  relevant 
when  considering  device  circuit  interactions.   Some  observations 
may  be  made  in  this  case. 

Consider  the  structure  examined  by  Kuchler  and  described 
earlier  in  relation  to  Figure  9.   The  characteristic  impedance 
for  the  open  and  closed  boundary  structures  has  been  reproduced 
in  Figure  20  for  the  case  W/D  =  0.2.   Also  shown  in  Figure  20 
is  the  impedance  of  the  corresponding  ridged  waveguide  structure 
(b/a  =  .65,  W/b  =  .018).   Clearly,  if  we  view  the  composite 
structure  as  a  dielectric  loaded  ridged  waveguide  then  the  effect 
of  the  dielectric  is  to  lower  the  impedance.   The  apparent  di- 
electric constant  in  this  case  is  about  6;   less  than  the 
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effective  dielectric  constant  for  wavelength  (~  8.2  -  9.5) 
and  certainly  much  less  than  the  actual  dielectric  constant  of 
e   =20.   On  the  other  hand,  if  we  view  the  structure  as  a 
shielded  slotline,  then  the  effect  of  the  shield  is  to  increase 
the  characteristic  impedance  of  the  unshielded  slotline.   In 
this  particular  situation,  the  field  is  tightly  bound  to  the 
slot  and  there  is  not  much  interaction  between  the  slot  field 
and  the  shield.   The  composite  structure  behaves  more  like  a 
slotline  than  a  ridged  waveguide.   An  important  observation, 
however,  is  that  the  characteristic  impedance  of  the  composite 
structure  is  bounded  from  above  by  the  ridged  waveguide 
impedance  and  from  below  by  the  open  boundary  slotline  impedance 
both  of  which  are  known  for  a  wide  range  of  parameters .   In 
this  particular  case,  the  lower  bound  is  tight  and  the  upper 
bound  is  not.  If  the  dielectric  constant  were  decreased  the 
impedance  would  approach  the  upper  bound. 

If  the  concept  of  bounding  the  impedance  is  applied  to  the 
K   band  structure  of  interest  in  this  study,  then  we  obtain  the 
results  illustrated  in  Figure  21.   We  see,  for  example,  that  for 
a  2.8  mil  slot,  the  impedance  at  3  0  GHz  lies  between  112  ohms 
and  140  ohms.   If  we  estimate  the  impedance  to  be  the  average 
of  these  two  values  or  126  ohms  the  error  would  be  only  +  12% 
maximum.   In  fact,  if  we  use  the  effective  dielectric  constant 
k  ~~  1.31  which  was  determined  earlier  for  use  in  calculating  wave- 

length  we  would  arrive  at  the  following  estimate  of  Z    for  fin 

^  3  ov 


line 


z    =  Zqv (ridged)   =       =      ohms 

OV     ;      

k£  (1731 
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This  is  very  close  to  the  average  of  the  two  bounds.   The 
expectation  is  however,  that  because  of  the  low  dielectric 
constant  (e   =  2.2)  that  the  true  impedance  would  be  close 
to  the  ridged  waveguide  impedance. 

The  foregoing  discussion  suggests  that  the  true  impedance 
of  fin  line  is  probably  very  close  to  the  impedance  of  the 
ridged  waveguide  substructure  for  the  case  where  W/b  is  small 
and  e   is  not  too  large.   Thus  ridged  waveguide  impedance 
curves  for  K   band  and  U  band  have  been  plotted  in  Figures  22 
and  23  respectively  using  equation  (4)  and  the  parameters 
given  in  table  3.   For  W/b  <  . 1  we  believe  that  the  fin  line 
impedance  may  be  estimated  from  these  curves  with  an  error 
of  10-15%  maximum.   Certainly  they  should  serve  a  useful 
purpose  until  such  time  as  more  accurate  results  are  available. 

One  last  factor  that  should  be  mentioned  is  the  fact 
that  finite  metal  thickness  will  cause  some  decrease  in  impedance 
for  narrow  slots. 

In  summary,  although  the  fin  line  impedance  has  not  been 
found  exactly  for  the  general  case  0  <  W/b  <_  1,  it  seems  clear 
that  for  W/b  <,  •  1 ,  W/D  <,  2  and  £   small  the  impedance  can  be 
estimated  quite  accurately.   It  is  bounded  from  above  by  the 
ridged  waveguide  impedance  and  from  below  by  the  open  boundary 
slotline  impedance.   It  is  probably  somewhat  greater  than 

z     =   Zov  (ridged) 
ov 


(11) 
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where  k   is  the  effective  dielectric  constant  from  Figure  10. 
This  places  the  impedance  within  about  10%  of  the  ridged  wave- 
guide impedance  given  in  Figures  2  2  and  23.   The  impedance  is 
high  even  for  small  separation  of  fins;  approximately  100-200  ohms 


Table  3.   Parameters  for  calculation  of  K   band  and  U  band 

a 


ridged  waveguide  impedance  (b/a  =  .5). 


W/b 

Z 
ov°°  , 
(ohms) 

A  /a 
c 

K  A  (cm) 
a  c 

i 

U  A  (cm) 
c 

.02 

130 

3.66 

2.60 

1.75 

.05 

160 

3.38 

2.40 

1.61 

.10 

190 

3.08 

2.19 

1.47 

.25 

256 

2.66 

1.89 

1.27 

.50 

317 

2.28 

1.62 

1.09 

1.0 

377 

1.42 

0.96 

5.0   Conclusions 
The  center  finned,  dielectric  loaded  rectangular  waveguide 
(fin  line)  may  be  viewed  variously  as  a  shielded  slotline,  a 
dielectric  loaded  ridged  waveguide  or  a  slab  loaded  rectangular 
waveguide (W/b  =  1).   Each  of  these  substructures  has  been  studied 
to  some  extent  and  therefore  it  is  possible  by  combining  results 
for  the  different  substructures  to  piece  together  the  desired 
solution.   This  has  been  successfully  accomplished  for  the 
wavelength  ratio  A '/A  vs  frequency  with  W/b  as  a  parameter.   The 
accuracy  of  this  solution  is  estimated  to  be  no  worse  than  5%  for 
small  values  of  W/b  and  as  good  as  h%    for  W/b  =  1. 
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The  characteristic  impedance  is  more  difficult  to  establish 

and  for  the  general  case  0  <  W/b  <_  1  was  not  determined  in  this 

study.   However,  for  small  fin  seperation  the  characteristic 

impedance  has  been  bounded  from  above  and  below  by  the  ridged 

waveguide  impedance  and  the  open  boundary  slot line  impedance.   The 

tightness  of  the  bounds  is  such  that  taking  the  mean  as  an  estimate 

would  result  in  an  error  of  only  +  10-15%.   Taking  into  account 

the  low  dielectric  constant  (e   =  2.2)  which  would  suggest  that 

the  true  impedance  lies  close  to  the  ridged  waveguide  impedance 

the  error  in  this  estimate  can  be  further  reduced.   In  any  event, 

the  impedance  for  slots  of  a  few  mils  is  in  the  100-200  ohm  range 

for  the  K   band  and  U  band  structures  studied  here, 
a 
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Appendix  A.   Slab  Loaded  Rectangular  Waveguide  Program 

The  slab  loaded  rectangular  waveguide  problem  addressed  in 
section  2.3  of  this  report  was  solved  using  a  program  written  to 
run  on  a  Wang  500  or  Wang  600  Programmable  Calculator  with  drum 
printer.   The  program  solves  equation  (5)  by  an  iterative  search 
for  the  correct  value  of  X'/X.      The  following  data  is  required 
to  be  entered  in  the  registers  indicated: 


Input  Data 

Register 

d,  (cm) 

00 

d2  (cm) 

01 

t   (cm) 

02 

e 

r 

11 

After  entering  this  data  into  the  machine,  the  program  is  run 
by  entering  the  desired  frequency  in  gigahertz  and  keying  "SEARCH", 
"1".   The  DEG/RAD  switch  must  be  in  the  RAD  (down)  position.   The 
program  causes  a  printout  of  frequency,  X'/X    for  the  unloaded 
waveguide,  and  X'/X    for  the  loaded  waveguide  in  that  order. 
The  program  listing  follows. 
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0(J0 

U9 

00 

*    M 

080 

07 

06 

RE  6 

00  1 

00 

0  1 

E  1 

08  1 

06 

1  4 

SI  14 

002 

08 

02 

*  W 

082 

07 

0  1 

Rfc  1 

0Q3 

06 

02 

ST  2 

083 

04 

1  4 

*14 

004 

08 

1  5 

*  yA 

084 

08 

08 

*   iN 

005 

06 

03 

SI  3 

085 

08 

1  5 

*  Vt 

006 

00 

03 

E3 

086 

06 

1  4 

ST  14 

007 

00 

00 

EO 

087 

07 

06 

RE  6 

008 

04 

0  3 

x3 

088 

04 

1  4 

xl4 

009 

Oo 

1  4 

SI  14 

089 

00 

1  2 

E12 

0  1  0 

07 

00 

RtO 

090 

06 

09 

SI  9 

02  1 

06 

1  5 

SI  15 

09  1 

06 

1  0 

ST  10 

0  1  2 

07 

0  1 

RE  1 

092 

07 

06 

R£6 

0  1  3 

02 

1  5 

+  15 

093 

06 

1  4 

Si  14 

0  1  4 

07 

02 

Kl2 

094 

07 

00 

REG 

0  1  5 

02 

1  5 

+  15 

09  5 

04 

1  4 

x  la 

0  1  6 

00 

02 

E2 

0  9  6 

0  8 

Oc 

*     IN 

0  1  7 

04 

1  5 

xl5 

097 

Oo 

1  4 

Si  14 

0  1  3 

05 

1  4 

ri; 

098 

07 

05 

ftt  5 

0  1  9 

03 

1  2 

*   x; 

099 

04 

1  4 

x  14 

020 

00 

1  2 

E 12 

1  00 

07 

06 

RE  o 

0  2  1 

06 

1  4 

ST  14 

1  0  1 

05 

1  4 

t!4 

022 

00 

0  1 

E  1 

1  02 

09 

08 

*    f 

023 

02. 

1  4 

+  14 

1  03 

06 

07 

ST  7 

024 

08 

1  3 

*  ^ 

1  04 

07 

05 

Rt5 

025 

08 

1  5 

*  X 

1  05 

OS 

1  4 

ji  la 

026 

06 

04 

SI  4 

1  06 

07 

02  . 

Rt  2 

027 

0  8 

0  2 

*  A 

1  07 

04 

1  4 

x  14 

023 

06 

0  3 

SI  3 

1  08 

07 

07 

Rk7 

029 

00 

1  0 

£  lu 

1  09 

02 

1  4 

+  14 

030 

00 

00 

EO 

1  1  0 

Oc 

08 

*   IN 

03  1 

00 

0  0 

EO 

1  1  1 

08 

1  5 

*  y, 

032 

00 

05 

E5 

1  1  2 

06 

1  4 

ST  14 

033 

03 

04 

-  4 

1  1  3 

07 

0  5 

RE  5 

034 

09 

00 

*    M 
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